
AD-A138 794 FILM COOLING ON A GAS TURBINE BLADE NEAR THE END WALL
U) MINNESOTA UNIV MINNEAPOLIS DEPT OF MECHANICAL

ENGINEERING R J GOLDSTEIN ET AL MAY 83

UNCLASSIFIED A FOSR-TR-84-0109 F49620 83-C 0082FI215 N



iiiii ._ o .0 ,
1.8

lillIL25 -Illil illl,'  IIIIIJ8

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

tff



UNCLASSIFIED
SECURITY CLASSIFICATION OF 'tHIS PAGE (

1
Iihn Date Entered)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

AFOS,-I - 84 se 0 10 9
4. TITLE (and Subtilel) S. TYPE OF REPORT & PERIOD COVERED

FILM COOLING ON A CAS TURBINE BLADE NEAR THE END 
TNTFRIM

WALL 6. PERFORMING ORG. REPORT NUMBER

. AuTNOR(a) S. CONTRACT OR GRANT NUMBERI.)

R J GOLDSTEIN F49620-83-C-0062
H P CHEN

PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM E-EMENT PROJECT. TASK
AREA & WORK UNIT NUMBERS

UNIVERSITY OF MINNESOTA
DEPT OF MECHANICAL ENGINEERING 307/A4

Oi MINNEAPOLIS, MN 55455 _______________

CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH/NA May 1983
BOLLING AFB, DC 20332 13. NUMBER OF PAGES

MONITORING AGENCY NAME A ADDRESS(II dlferent from Controllin8 Oflfce) IS. SECURITY CLASS. (of ths report)

Unclassified

l~a. DECLASSIFICATION DOWNGRADING
dler SCHEDULE

IDISTRIBUTION STATEMENT (of this Report)

.pproved for Public Release; Distribution Unlimited.

)ISTRIBUTION STATEMENT (of the abstract entered in Block 20, It difltrent Ito. )eport)

1S SUPPLEMENTARY NOTES

19 KEt' WORDS (Contlnue or reverse toe I necessay and ioentfty by block nrumber, -,

FLUID MEI-CHANICS (;AS TU}IN; IN, F vim
INTERNAL FLOWS T1RBINE BLA)IKE,,
BEAT TRANSFEP
FILM COOLING

Q - 20 ASS1 RACI (Continue or, r ave,. ade it he, rx.O.. end tdpnfliv h, t,1A nmter)

The local film (f !:rig cff'ctivcnCss on c(,,l i , a , I hlodc, with
a row of discrete cooliin- jets has bee ii m a:-ured u ii,, it.,,::: t. i:,:fcr
technique. Particular' c::ph-, . is pl aced On ph ,: rit ?!.at r tilt tll .ill

u of the blade. 'rhiF r.,. t, w.!,: t ins a horse..shoe -,,.: t.\ ten, mt,di i I .

a passage vortex. (n 'n '. ""'. (prcs:;U r') :U!'ftlc' l Itr. t1 ,(' il,,
L4-.. performance i s not ',r ,tiI I' ;\ i ut cred by t t-i, preset.it (,f it , ; it, I I. 4't'

the c(IIvex surfacc of lo t I f, i ,t thic fil to(.i i.0.1 if t< It. 7 a ;.*t : ah i I.,

a triangular region cyi, 1 ,, ii r Irom C T iar, tile rt, . i f pt-al, t ' l l lt-

:. DD , 1473 EOT,1 o, .' ., I",,C1.A ...1<

a.-.-- 84 03 06 08 " ... .



. _ UNCLASSiFIE_

on the blade to its trailing edge. This unprotected region closely corres-
ponds to the location of the passage vortex as indicated by flow visuali-
zation. The passage vortex sweeps away the injected coolant flow from
the surface. Upstream of the unprotected area the injected flow is skewed
toward the middle span of the blade. The influence of the end wall extends
about one-half cord length up from the end wall in the present experiments.
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FILM COOLING ON A GAS TURBINE
BLADE NEAR THE ENI; WALL

. R. J. Goldstein and H. P. Chen

Mechanical Engineering Department
-,4 University of Minnesota

0

'<ABSTRACT
H distance along blade surface from end~wall

The4 ocal film cooling effectiveness on
,a gas tu~bine blade with a row of discrete M blowing rate P 2U2 /P-U-
cooling jets ha-rs been ieasured using a mass 2
transfer technique. -- iiai,'gphasis is I momentum flux ratio P2 U2

2
/0p.U

placed on phenomena near the end wall of the
blade. This region contains a horseshoe q wall heat flow per unit time and area
vortex system modified by a passage vortex.'
On the concave (pressure) surface the film R density ratio P2/Po
cooling performance is not greatly altered'
by the presence of the end wall. On the SS1 saddle point - Figure 5
convex surface of the blade the film cooling
is essentially absent in a triangular region SI-S 2  seperation line - Figure 5
extending from near the region of peak cur-
vature on the blade to its trailing edge. T temperature
This unprotected region closelY correspondsw
to 6-he location of the passage vortex as in-, Taw adiabatic wall tempertaure
dicated by flow visualization. The passage

e vortex sweeps away the injected coolant flow Tr wall recovery temperature
0 from the surface. Upstream of the unpro-

1

ted area the injected flow is skewedwto- !  
Tw  vall tempera-cure

g ward the middle span i h Md h de * U. 
!

En of -th knd A %x ends about one-j T2  temperature of injected flow
4h'al"cord length up fro: the end wall in the
present experiments. U2  mean velocity in injection hole

U. mainstream velocity at Injection hole .
OMENCLATURE . ...... . ... ... . location

- X distance downstream of downstream edge
of injection holes

a|-a 2  attachment line - Figure 5 Z transverse distance from center of In-
jection hole to sampling hole; measured-

Caw concentration of tracer at impermeable towards the end wall in present tests
wall -

a angle between the injection hole can-.
C2  concentration of tracer in injected terline and local blade surface; 350 in

gas--usually measured in plenum present teats

D diameter of Injection hole
ndw local adiabatic film-cooling effective-

h bat transfer coefficient .ess
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NOMENCLATURE CON'T.1 teraction among the injected ets. On gas

turbine blades with discrete injection, the
blade surface curvature and the two end

local impermeable -wall effectiveness walls make the problem more complex.
The influence of wall curvature on film

P2 density of injected flow cooling is most pronounced with injectioni
through discrete holes [3, 41. Measurments

Sp., density of minstream 1 on a linear turbine cascade [4[ show the im-
portance of the curvature of the wall sur-

- 99 boundary layer thickness; face and the momentum flux of the injected99 b unda y la er t ickn ss; distance J s re a i e o th t f t e ma n r a .

from wall where velocity is 99 f j jets relative to that of the mainstream.

free stream velocity Thus, at low blowing rates (really. small

momentum flux ratio, I), the film cooling
effectiveness is better on a convex surface

- . than on a flat plate, which, in turn, has4;- better performance than a concave surface.
INTRODUCTION This relative performance on surfaces of< different curvature reverses at large momen-

SOver the last decade, the average tem- tum flux ratios. These differences are due
[ iperature of combustion gas entering the to the influence of the pressure gradient

first stage turbine in high performance air- normal to the surface and its effect on the
craft gas turbines has increased from 1500K curvature of the injected jets which can be

:.to 1750K; of this 250K increase, improved distinct from the curvature of the main- -
alloys contributed 65K while improved cool- stream. The influence of curvature on film
ilng contributed the rest 11]. In the next cooling performance is considerably reduced
_ decade, the entry temperature in some tur- with coolant injection through two rows of
hbine systems is expected to surpass 1900K, holes [5].
!yet alloys generally must stay under 1300K The present work is an experimental

r [I1. To prevent high-temperature failure, study of the influence of the end wall on
further improvements in cooling methods such film cooling of gas turbine blades using a
as film cooling, and internal convection'and single row of injection holes. In many gas
impingement heat transfer are required. 1 turbines, the blade span is not large com-

The present work is concerned with film pared to the chord length, and a significant
: cooling - a process in which a coolant in-! region on the blade is influenced by the end'
jected along a surface exposed to a high wall. Studies of the velocity field and
temperature gas flow reduces the temperature, heat transfer in the end wall region of a
of the boundary layer and hence the sur-1 blade [6, 7, 8] show the complex flow in
face. this region, which includes a horseshoe vor-

In studies of film cooling an adia-r tex system and a passage vortex in the re-
batic wall effectiveness is generally de-

!  
gion between two adjacent blades. Those

fined by: studies are valuable in establishing the na-
ture of the flow regime which helps explain

experimental results of heat transfer and
*aw - Taw- Tr film cooling on the blades themselves.T2 - Tr (1)

EXPERIMENTAL SYSTEM AND TEST CONDITIONS
and the heat transfer is calculated from:

The experiments are conducted in a low
. ivelocity wind tunnel using a linear cascade

q = h (T w - Taw) (2) of six turbine blades [41. The inlet- and

outlet angles of the blade are 45.7* and
* 27.3", respectively and the angle of attack
IWhen naw and h are known, the local heat of the incoming flow is close to zero. The
Itransfer can be calculated. Studies on full-' dimensions of the blade are enlarged several
coverage film cooling and transpiration times over normal size with a chord length
:cooling often use somewhat different defini- in the cascade of 16.9 cm. Four of the
tions of heat transfer coefficient, blades are solid. The two central ones are

Early studies on film cooling on flat hollow, and are used to provide film
!walls are reviewed in Ref. (2]. The effec- cooling--on facing suction (convex) and
tiveness in two-dimensional incompressible pressure (concave) surfaces. The diameter
)film cooling mainly depends on the blowing of the injection holes is 2.38 mm; they are

rate, N, injection slot size and the posi- inclined at an angle 35' to the surface, and
tion downstream of injection. A heat sink spaced three diameters apart. A mixture of

model has been successfully used to analyze air and helium is used as the injected
1such a cooling system. For film cooling fluid; the density is kept at approximately
;with injection through discrete holes, the 0.96 that of the freestream. Blowing rates,
local effectiveness also depends on the M, of 0.5 on the convex surface and 0.8 and
transverse position and the relative densi- 1.55 on the concave surface are used. These
ties of the injected and mainstream fluids, three blowing rates correspond to values of'
A heat sink model for three-dimensional film I of, .26, .67, and 2.5, respectively.
cooling is mainly useful at low blowing The mass/heat transfer analogy is used
rates.and when there is not significant in- , ....- _



to determine the film cooling effectiveness. X
Instead of measuring an adiabatic temper-!
ature, the flow is essentially isothermal.
,and the injected flow contains i tracer gas Zo=1
'(helium in the present study). The concen-
tration of the helium tracer gas is measured
in samples drawn from near the wall through
small (0.58 mm diam) sampling taps. As the
concentration of helium in the mainstream is. samplingtaps mnasementeg~m

- zero, the local impermeable wall effective-
ness is the ratio of the helium concentra-
tion at the wall to that in the plenum which 00.238cm
contains the injected fluid, _

i ~..injection holes S-
niw - Ciw/C2 (3)

P Z~o=1.o0

-- j "The gas samples are collected during a! gewall
run and later analyzed with a gas chromato-, Figure lb. Detail of Test Blade Shcwinp
graph utilizing a thermal conductivity cell, Measurement Region
detector. The sampling holes are distrib-

i uted across the span at Z locations 0, 0.5,'
11.0, and 1.5 diameters from the center ofi
'one of the injection holes, and at various The lowest coolant hole was centered
positions downstream. 1-1/2 diameters from the end wall. By mov-

Figure 1 shows the positions of the ing the blade to somewhat more than a dozen
holes and the sampling taps. The blade can different locations into or out of the end
be moved into or out of the end wall by mov- wall, a series of measurements can be taken
ing it through a slot in the wall. Note which represent the area immediately below!
that the four rows of sampling taps used are. towards the end wall) the lowestsome distance apart. For a single position-! Ii= owrste nd al) he oet Itwelve holes. The shaded areas show the re-I
Ing of the blade relative to the end wall, gions over which the effectiveness can be
the measurements are taken for each row of measured. Note that these represent only,
sampling taps. These represent the regions, one-half of the surface as the sampling taps
between different injection holes. To get a were designed for a study in the central
consistent set of data for results between aI  span of a blade where the flow is essential-
given pair of holes (at fixed H/D) four dif- ly symmetrical around an injection hole.
ferent positionings of the blade must be! This can be observed in the data (e.g. Fig-
used. ure 6) where curves are drawn through the

set of four data points which correspond to
the position below each of the holes stud-
ied. These holes are positioned such that

___ _ their centers are, 1-1/2, 4-1/2, 7-1/2,
______...... and 37-1/2 diameters from the end

wall.
As measurements are taken, only overhalf of the area, there may be a slight er-

ror in the average effectiveness at differ-
$4 aisal'n ent heights. Ia the case of essentially
o 1symmetric flow around a blade hole, this
Cn llaing s would not be important. However, in the end

wall region, the flow is not symmetric;.
rather the jet is skewed either down towardsi

injection ho the end wall or up towards the center of the
S-o ~span.

D-.2 Glmvmg taps The mainflow velocity at the injection
location is 19.8 m/s on the convex surface:

S.........and 4.6 m/s on the concave surface. The
" " endwal flow of the mainstream approaching the blade

________________ 'cascade is approximately 11 m/s; the bound-
iI j ary layer of this flow on the end wall has a

thickness of, 6 9932 cm.

poei oning mechanism FLOW VISUALIZATION

Figure la. Test Blade View of, Flow near the end wall of a blade isFiSureti Bde istudied using a mixture of fine carbon pow-
Suction Side der and oil spread on contact paper attached

to the end wall and the blade surfaces.



a. CONVEX SURFACE N-.5S R-.96 X/0-4.38

U

View through the top ,. 2 ....
0 0 15 I 20 25 34 35

Fgr5.Sketch of the Flow Near Endwall /Fiue of Gas Turbine Blade Figure 6a. Local Film Cooling Effectiveness I

I on Convex Surface at M-0.5

Ji CONVEX SURFACE M-.5 R-.95 X/0-13.75
region is at an elevation of 4.3 cm abovethe end wall. Outside the triangular re- 0 z/0-

gion, the streamlines near the convex sur-1  .4 _ z5-.8
face are skewed toward the middle span ofl V z/s-3.3

the blade (cf. Fig. 3). As Fig. 4 indi- .:
cates, the streamlines by the concave sur-i
face are slightly inclined toward the endi .

wall, apparently from the flow that enters .-
- tnt o the passage vortex along the end wal1

I As the distance from the end wall increases
1  .2

the skew of streamlines on both blade sur-' Z
.faces is reduced. Accurate deternination of t  "
the flow direction near the blade surface iso • ., , ,....
difficult, as gravity plays a role in t hea s l as 23

motion of the fluid on the contact paper.1  Efndll0 H/O
However, the general trends are clear in thef Fizure Sb. Local Filn. Ccolinz Effectiveness D

region close to the passage vortex, on Convex Surface at M=O.5
CONVEX SURFACE N-. S R-. 96 X/D-33. 91

IMPERMEABLE WALL EFFECTIVENESS. 0 z/0s
aZ/O. S

- Convex Surface .4 /s-1.s

o Figure 6 shows the local effectivenessi W .a

.- on the convex surface of the blade. Note %..

that the values of Z/D>O are all measured j X7
towards the end wall and as mentioned above,I " "2 -. V v,

2 because of the limited Lumber of sampling I
taps, only one-half of the region between .,

any adjacent pair of injection holes is ex-

amined. _ _ _ f _...._I

From the local measurements- at a blow- I s t Is as 2 a
. ing rate of 0.5 and a density ratio of .96, EnIwas N/O .

different regions on the convex blade sur- Figure 6c.' Local Film Cooling Effectivene- .

face can be specified in terms of the locall on Convex Surface at M-O.51 . "
flow characteristics and film cooling per- CONVEX SURFACE N-.5 R-.96 X/0-73.43

formance. These areas are mapped out in .5
figure 7. Region A is an unprotected region 0 z/0-

£ Z/0.* 3
where the film coolant has essentially been a z0-..

atripped from the wall, or displaced by flow .4 V z/0-1.

from the end wall; the size and shape of I"
this region coincides closely with those of M .
the passage vortex system determined in the.
visualization tests (cf Figure 3) and des- J .2

cribed In the section on flow visualization. u

If the end wall had been film cooled, per- 0J

haps some of the coolant might have flowed .st

up into region A. Region B adjacent to this P

unprotected region is protected by the jets -, , I

but the flow is skewed due to the presence s i 2s 20 as so 25
of the passage vortex beneath region B; this Endi/O

results in a variation of local effective- Firure 4d. Local Film Coclinr Effectiveness

mess which is not the same as in the two- on Convex Surface at M-0.5

dimensional flow region (Region 0). Thus,



a- .cussed below in the description of Figure 5..
When a circular cylinder is exposed to,

a crosasflow, the mainstream velocity near
the front stagnation region decreases and
the static pressure rises. In the three-

dimensional region near the wall at the base
of the cylinder, the velocity in the bound-
ary layer is less than that in the main-
stream. The result is a pressure gradient
along the cylinder and a velocity component
towards the wall which leads to a horseshoe
vortex flow. Similarly, in the end wall re-
gion of a gas turbine blade, a horseshoe
vortex system is formed, but the development

32 of the flow is assymmetric. This is sub-
stantially due to the presence of a passage
vortex, which, in turn, is due to the dif-
ference in pressure across the passage be-

S- .tween two blades, with pressure being higher

on the concave (pressure) side as compared
. Sto the convex (suction) side. Away from the

i Figure 2. Streamline Tracks on End'all end wall, this pressure difference is bal-
of Gas Turbine Blade anced by inertia forces as the flow curves

around the blades. In the end wall region
where the boundary layer is present, the in-
ertia forces are not sufficient to overcome

-f the pressure difference and a flow is estab-
lished from the pressure side of one blade
towards the suction side of the adjacent

-I blade.
. The passage vortex is shown in Fig. 5,

. along with the two legs of the horseshoe
- vortex formed around the blade (cf. Ref [71)

A separation line, indicated by SI-S2, is
present in the boundary layer in front of a
blade. The attachment line, al-a2, extends

Fi -ure 3. Streamline Tracks on Convex from the incoming flow to the front stagna-

Surface of Gas Turbine Blade tion point. It intersects the separation
line at the saddle point, SSI. These lines
are also drawn on the flow traces in Figure
2. In front of the saddle point, the
attachment line divides incoming flow enter-
.ng the blade passage from that entering the

mi t,., adjacent passage. After the saddle point it
- divides the passage crossflow moving on to

the convex surface of the neighboring blade
from the flow moving around the leading edge

Sof the blade onto the convex surface of the
3 same blade. The leg of the horseshoe vortex
9 formed on the pressure side of'the blade is

- moved over towatds the suction side of the
i L adjacent blade by the passage vortex, which

constantly feeds into the flow causing it td
develop into a large vortex. The vortex TV

&a" that is formed initially on the suction side
Figure 4.' Streamline Tracks on Concave tends to diminish as it flows around the .

Surface of Gas Turbine Blade blade because of its opposite sense to that

of the passage vortex. It finally becomes a 4
small counter (corner) vortex or can be al-

During exposure to the tunnel flow, the most completely dissipated. The exact flow
streamlines are traced on the paper. Fig- field in the end wall region depends on ther
ures 2, 3, and 4 show traces recorded on the position of the saddle point and thei
lend wall, convex surface and concave sur- strength of the passage vortex which relate
face, respectively. These results are in to the geometry of the blade cascade and in-
accord with those presented in Ref. [71, coming flow conditions, including angle of
with a slight deviation on the concave sur-i attack, incoming boundary layer thickness,
face. In the present study, skewing is ob- and Reynolds number.
served of the flow over the concave surface The passage vortex sweeps across the
with streamlines bent down toward the end convex surface of the blade some distance
wall. The flow phenomena can also be infer- from the stagnation region. The affected
red from the present measurements of film region on the blade appears to have a clear
cooling effectiveness on the concave Sur- boundary and an almost triangular shape--in
face. The lines drawn on Figure 2 are dis- the present system, the trailing edge of the



where one might expect the maximum effec-
tiveness to occur at a constant transverse CONVEX SURFACE M-. 5 R-.915
position, for example at Z(D-O, in region R .
It occurs at different values of Z/D for X/-.7
different positions H, from the end wall. .6 X/033. 91

Region C, close to the end wall and near the,
injection holes is not strongly affected by U.

the horseshoe vortex or the pasag vortex
which has not reached the suction surface! SM..

here. However, the presence of the boundarv, (3 .3 0 o
layer on the end wall reduces the mainstream s- ..
flow in the region of these injection holes. >
giving an equivalent blowing rate or momen-
tumn flux ratio greater than that in the two,
dimensional flow region and, for the injec- 2 s m a
tion rate in the present study, a lower ef-i s 1 6 2 0 3
fectiveness. E8AI /

Figure 3. Averasee Film Cooling Effectiveness
an Convex Surface at M-0.5

CONCAVE SURFACE M.8 R-.98 X/0-3.83

2o -
a Z/0. 0

.4 Z/0-1.5

- I U
IIL

.

W

F_.. -. --- -

on Concave Surface at M=.8 .j' .
Revin o Conex urfae o a BadeCONCAVE SURFACE M-.9 R-.96 X/0-l.S8

0 Z/0-0
& 2/0-. 5

The~~~~~~ ~ ~ ~ ~ ~ avrg fetvns ntecne!. /0-1. 5

:u urfe, ac .2ucino oito rmte
the conv shoni iurae of The balde, f

essare present yaedagfor to bloin raits W.1 P " ~ ~- p
(at. andeen Z/.53 Fortesied coditions val- - V
ting of loca e efecienesl arei pltte on as .
meiured towads h 11 and aueeo averge a 5 5 6 2 6 I

effecivenessaine son on hafigr of h araI /

10fa a 12. ,Id fo h rotsan- Figure 9b.' Local Film Cooling Effectiveness
ionlin 0 raiingedg oftheblae,!on Concave Surface at M.=0.8



CONCAVE SURFACE N-.8 R-.96 X/O-41.41 CONCAVE SURFACE M-1.55 R-.96 X/0-17.9

.a .5
0 z/o-a

S/o.! /-Z /0-. Z/0:2
.4 Z/0-1.S .4 Z/O-.

4- 4-V z/,- 1.

U

I...

Is S 13 15 26 25 3,6 35 5 10 15 20 25 35 35

" Figure 9d.r
L  Local Film Cooling Effectiveness Figure lic. Local Film Cooling Effectiveness

on Concave Surface at M=o.83 on Concave Surface at M=1.55 I-
CONCAVE SURFACE M-. 5 R-. GO CONCAVE SURFACE Me1. 55 R-. 96 X/O-41. 4

0 J/-3. 83
.V/0%6. 42 0 7%0
o"- 2/0-17.9 S4 Z/0-. 5
0 5/O41di .4 0 Z/O-Z.5
&V X/1-.95 4a X 0J/-

/2 ,U.

CK .2

d- .O .. _ s..yoZ______-_-___---____________________

5 ' ii S 25 38 35. 5 1 s 20 25 30 35

EndWall /D E 5wal H/D2 3

Figure 1. Average Film Cooling Effectiveness Figure ld. Local F41M Coclinr Effectiveness

on Concave Surface at M=0.8 On Concave Surface at M=1.15
CONCAVE SURFACE M-1.55 R-.96 X/O-3.83

_ __5_ _CONCAVE SURFACE M-1.55 R-.95

0 Z/0-0
SZ/-. 5 0 X/0-3.83

0 Z/0-1. X/0-8. 42
. Z/0-. 5 . X/0- I 2. 90

.3.3

A 20./.. 0• -.. .5

Fiuell.Lca i0oln Effec fecivnesisnovgetlnateesbste

• z/0-.. presence of the end wall. There is an in- %
u fluence of the flow feeding into the passage1~~vortex moving the injected flow, essentially "

skewing it towards the end wall. which
.3 

"  
li| changes the periodicity or phase of the lo-

.u A cl efftivenfte sreatlies to Zslighe in-

W A

'6 ~ pared to that on the convex surface. The

difference is average effectiveness. rela-
i t S

!
'I. .1.l ,S t Z''' S''3 ive to that in the two dimensional region,

0 is 15 20 25 36 3 sL.5

E Sw. HIO at small values li/D may be due to the pre-

Fiur oclFimsence of the boundary layer on the end wallFigure llb. Local Film Ccoling Effectiveness and its effect on the local value of N or 1,
on Concave Surface at M-l.55 as well as the cross flow due to the fluid



flowing into the passage vortex. In addi- 6. L. S. Langston, L. M. Nice and R. M.
tlon, the flow washing down the blade to- Hooper, "Three-Dimensional Flow within a
wards the end wall can result in a piling up Turbine Cascade Passage". ASME paper 76-
of the film coolant near the end wall. GT50.

7. L. S. Langston, "Crossflows in a Turbine
CONCLUSIONS Cascade Passage", ASME paper 80-GT-5.

1980.

On the convex surface of a gas turbine
blade there is a significant region close to 8. R. A. Graziani, M. F. Blair, J. R.
the end wall over which the film cooling Taylor. and R. E. Mayle, "An Experi-
jets are essentially swept away from the mental Study of Endwall and Airfoil Sur-
surface by the presence of a passage vortex, face Heat Transfer in a Large Scale Tur-
This region commences some distance down- bine Blade Cascade", ASME Journal of En-
stream of injection, near the location where gineering for Power, Vol. 102, April
the passage vortex reaches the convex sur- 1980, PP. 257-267.

face. Above this region, away from the end;
wall, the film cooling jets are skewed
changing the distribution of local effec-
tiveness, but the average effectiveness is,
not greatly altered. Film cooling on the
concave surface is not significantly affect-
ed by the end wall. In some regions it is
improved over that in the central portion of
the blade span, at least under the present
test conditions.

The dimensions over which the influence
of the end wall is felt on actual blades
will depend on the geometry of the blades
and the incoming flow conditions. Further

studies are necessary to define the param-
eters that control the size of the unpro-
tected region along the convex surface.

ACKNOWLEDGEMENT

This study was conducted with support

from the U.S. Air Force Office of Scientific
Research. P. H. Chen was instrumental in

the final preparation of this manuscript.

REFERENCES

°- •-

1. D. X. Hennecke, "Turbine Blade Cooling
in Aeroengines", Von Karman Institute I.

for Fluid dynaics, Lecture Series 1982-
02., end personal communication.

- - 2. R. 3. Goldstein, "Film Cooling", Ad-
vances in Heat Transfer, Vol. 7, Academ-

S, Ic Press, New York and London, 1971, pp.

321-379.

3. J. Nicholas and A. LeMeur, "Curvature I -'
Effect on a Turbine Blade Cooling Film",

ASNE paper 74-GT-156, 1974.

4. S. Ito, R. J. Coldstein and E, R. G.
Eckert, "Film Cooling of a Gas Turbine
Blade", ASME Journal of Engineering for
Power, Vol. 1O0. July 1978, pp. 476-480.

5. R. J. Goldstein. Y. Kornblum, E, R. G.

Eckert, "Film Cooling Effectiveness on a
Turbine Blade", to be published in
Israel Journal of Technology.




